We examined 51 cardiac specimens to test the hypothesis that the size of the foramen ovale is directly proportional to the relative volume of transatrial blood flow during cardiac morphogenesis. Included in the study were 18 normal specimens, five with tricuspid atresia, four with pulmonary atresia and intact ventricular septum, nine with secundum atrial septal defect, eight with simple coarctation of the aorta and seven with aortic stenosis. The areas of the foramen ovale and atrial septum were measured and the ratio of foramen ovale to atrial septum was calculated. The area of the atrial septum did not differ significantly among the six groups. Normal specimens had a ratio of 0.19 ± 0.07. Specimens with tricuspid atresia and pulmonary atresia had ratios of 0.43 ± 0.01 and 0.38 ± 0.10, respectively (p < 0.05). The ratio in specimens with coarctation of the aorta was 0.15 ± 0.07 (NS). Specimens with aortic stenosis had a ratio of 0.11 ± 0.06 (p < 0.05). Specimens with secundum atrial septal defects had a ratio of 0.37 ± 0.08 (p < 0.05). These data indicate that the foramen ovale is a marker of transatrial blood flow in utero. Secundum atrial septal defects may be a consequence of increased transatrial blood flow.
THE INTERRELATIONSHIP of cardiac function and morphogenesis has fascinated morphologists for years. Fetal cardiac function has been quantified only in the last 10 years. Studies in fetal lambs during late gestation have shown that transatrial blood flow constitutes 25% of the combined cardiac output.' The role of this streaming pattern during cardiac morphogenesis has not been defined. In the embryonic and fetal circulation, the radius of a blood vessel is proportional to the flow through that structure. We hypothesized that the area of the foramen ovale varies directly with the volume of transatrial blood flow in utero. In this report, we present our analysis of the foramen ovale area in normal cardiac specimens and in five types of congenital cardiac defects.
Materials and Methods
We analyzed 51 cardiac specimens selected from the University of Iowa Pediatric Cardiac Museum. These included 18 normal specimens from patients 5 months to 12 years old (mean 4.3 + 3.7 years) and 33 hearts with congenital cardiac anomalies from infants and children 1 day to 11 years old (mean 1. 1 ± 2.4 years). Among the hearts with cardiac anomalies, five had tricuspid atresia, four pulmonary atresia and intact ventricular septum, nine secundum atrial septal defect, eight simple coarctation of the aorta, and seven aortic valve stenosis. Specimens with complex defects, including ventricular septal defect, great vessel spatial anomalies and abnormal situs, were excluded from analysis.
The specimens were fixed in 10% buffered formalin and the right atrium was opened to permit study of the entire atrial septum. The margins of the atrial septum and foramen ovale were determined by transillumination and probing with a stainless steel pin, then marked with India ink ( fig. 1 ). The hearts were positioned with the atrial septum flat, and photographed with a 0.25-cm2 grid. A standard planimeter was used to measure the area of the atrial septum and the foramen ovale. The mean of five determinations was used for the calculations.
To allow comparison among hearts of different size, we calculated the ratio of foramen ovale to atrial septal area; Sweeney and Rosenquist2 showed that this ratio is not affected by age or formalin fixation.
The descriptive statistics are reported as the mean + SD. The data were analyzed using one-way analysis of variance and Tukey's HSD (honestly significant difference) multiple comparison procedure; p < 0.05 was considered to indicate statistical significance.
Results
Although the absolute area of the atrial septum was not significantly different among the specimens, there was a marked difference in the foramen ovale/atrial septum area ratio in normal specimens and those with congenital cardiac malformations (figs. 2 and 3). The ratio in the normal specimens was 0.19 ± 0.07. The ratios in specimens with right-heart obstructiontricuspid atresia (0.43 ± 0.09) and pulmonary atresia (0.38 ± 0. 10) -were significantly greater than normal ( fig. 4 ). Conversely, the specimens with aortic stenosis, an example of left-heart obstruction, had a ratio of 0.11 + 0.05, which was significantly smaller than normal ( fig. 5 ). The ratio in specimens with coarctation of the aorta was smaller than normal, but did not reach the level of significance. Specimens with secundum atrial septal defect had a ratio of 0.37 + 0.08, which was significantly greater than normal, and was similar to that in pulmonary atresia.
Discussion
We have defined a spectrum of relative foramen ovale area that we believe reflects altered hemody- Original magnification x 4.
have altered cardiac morphogenesis. Reducing left atrial blood flow in chick embryos resulted in abnormal left-sided structures. External sutures tied around the free wall of the left atrium caused a decrease in the caliber of the aortic root. 8 Application of a silver clip on the left atrium resulted in coarctation of the aorta. 9 Aortic stenosis was the consequence of a nylon fiber placed in the left atrioventricular canal.1" The theoretic common denominator of these procedures was increased resistance to left atrial inflow. Since blood flow through the pulmonary bed is constant, transatrial blood is presumably decreased. Confirmation of this hypothesis awaits the development of a technique to measure blood flow in such models. An alternative explanation is that changes in the foramen ovale/atrial septum area ratio result from postnatal flow across the atrial septum. Left-to-right atrial level shunting often occurs in patients with left-heart obstruction. In these cases, dilatation of the left atrium stretches the flap valve of the foramen, making it in-FicURE 5. Atrial septum viewedjfrom the right atrium in ta heart with aortic steno.sis. Abbreviations as infigure 1. OrigJinacl magnification x 4. competent. However, the ratio in our specimens was still smaller than normal.
The increased ratio in hearts with secundum atrial septal defects is interesting and consistent with the observations made by Rosenquist et al."' Our specimens had a significantly greater foramen ovale/atrial septum area ratio than normal specimens, but it was not different from those with pulmonary atresia. If septation alone were defective, resulting in an absence of the flap valve of the foramen, one would not expect an increased foramen ovale/atrial septum area ratio. Rather, we speculate that secundum atrial septal defects may be a manifestation of increased transatrial blood flow. The decrease in ratio noted from tricuspid atresia to secundum atrial septal defect suggests a spectrum of increased transatrial blood flow.
Although the foramen ovale is a marker of intrauterine transatrial blood flow, we cannot define the precise role of flow patterns during cardiac development. Blood flow alterations may play an active role in the pathogenesis of cardiac anomalies or may be merely a consequence of the malformation; we speculate that blood flow alterations have an active role. The variability of the atrial septum demonstrates the importance of dynamic blood flow during cardiac morphogenesis.
